We extend the 2D MXene family into the boride world, namely, MBenes. High-throughput calculations screen twelve MBenes with excellent stability. Among them, 2D MnB MBene exhibits robust metallic ferromagnetism (B3.2 l B per Mn atom) and high Curie temperature (345 K). After functionalization with the -F and -OH groups, the ferromagnetic ground state of 2D MnB is well preserved.
Introduction
Graphene, owing to its flat structure and high surface area, holds great promise for applications in electronics, magnetics, optics, optoelectronics, thermoelectrics, catalysts, and energy storage systems. 1, 2 The boom of graphene has stimulated the discovery and fabrication of a wealth of other two-dimensional (2D) materials. 3 Transition metal carbides, nitrides and carbides/ nitrides (namely, MXenes) are attractive additions to the 2D family. MXenes are mainly produced by selectively etching the atomic layers from their layered parents of bulk MAX phases. MAX phases are named according to their compositions, where M is a transition metal, A is an element mostly in the IIIA and IVA columns, and X is carbon or nitrogen. 4 So far, more than 70 MXenes have been theoretically predicted and 19 of them have been experimentally synthesized. 5 Applications of MXenes in field effect transistors, 6 Li ion batteries, 7 catalysts, 8 and photocatalysts 9 have been explored. Even with such a wide variety of MXenes, an intriguing question arises: whether X can be extended to the other elements? Boron is the fifth element in the periodic table and its number of valence electrons is only one/two less than carbon/nitrogen. Its electron deficiency, electronegativity, and atomic size would endow 2D boron materials with distinctly different properties from other 2D materials. For instance, most elementary 2D materials are graphene analogues with flat or buckled honeycomb structures, while borophene has a triangular lattice with different arrangements of hexagonal holes. 10, 11 The biggest challenge for the synthesis of boron based 2D materials is surplus electron balance, which can be solved by hexagonal hole introduction 12, 13 and metal substrate passivation. 14, 15 Another practical method to realize 2D boron based systems is the combination between boron and various transition metals. On one hand, the transition metal would donate electrons to boron to stabilize the boron sheet. On the other hand, the highly coordinated transition metal center may impart novel complexity and diversity to 2D boride materials. Among transition metal borides, only magnesium diboride 16 and titanium diboride 17 sheets have been synthesized by exfoliation through ultrasonication and intercalation of alkali metals. However, the conventional chemical etching method to produce (FM) . Remarkably, its metallic behavior, ferromagnetic state and high Curie temperature are well retained even after functionalization with the -F or -OH groups. As the first attempt to extend MXenes into boride systems, our findings not only enrich the possible diversity of 2D materials in theory but also bring about new opportunities of spintronic applications.
Computational details
Our calculations were carried out using spin-polarized density functional theory (DFT) within the generalized gradient approximation (GGA) 22 as implemented in the Vienna Ab initio Simulation Package (VASP), 23, 24 with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. The projected augmented wave (PAW) approach was used to describe the ion-electron interaction. 25, 26 To appropriately account for the strongly correlated electrons, the GGA+U method was used to deal with the partially filled d orbitals of the Mn atoms. 27 For the Mn 3d-orbitals, the effective on-site Coulomb interaction parameter (U) and the exchange interaction parameter ( J) were set to 3 eV and 1 eV, respectively. The choice of U and J values was carefully tested by optimizing the lattice parameters of Mn 2 AlB 2 and Mn 4 B 4 , and the results are given in Table S1 (ESI †). The energy cutoff of the plane-wave basis was 650 eV. During geometry optimization, numerical convergence was achieved with a tolerance of 10 À6 eV in energy and 0.001 eV Å À1 in force, respectively. To avoid interaction between a layer and its replica, a large vacuum space of 16 Å was added along the z axis. The Brillouin zone was sampled with a 19 Â 19 Â 1 Monkhorst-Pack k-point grid for geometry optimization and a set of 23 Â 23 Â 1 grids for electronic structure calculations. For the equilibrium MBene structures, their phonon dispersions were computed using the direct supercell method as implemented in the Phonopy program. 28 Ab initio molecular dynamics (AIMD) simulations were also performed to assess the thermal stability of the 2D MnB structure and its functionalized forms (MnBF and MnBOH) at 600 K, 900 K and 1200 K, respectively. Fig. S1 (a) (ESI †). The cohesive energies, bond lengths, and slice thicknesses are listed in Table S2 (ESI †). The cohesive energy is defined as
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where E M and E B are the total energies of an isolated transition metal and the B atom, respectively; E MxBy is the total energy of the unit cell of the TMB sheet. The average values of these cohesive energies are 6.08 eV per atom, which is comparable to common 2D layered materials like MoS 2 (5.02 eV per atom), g 1/8 borophene sheets (5.81 eV per atom) and Mo 2 C (5.98 eV per atom). Their dynamic stabilities were further assessed in terms of phonon band structures ( Fig. S1 (b), ESI †), and no imaginary frequencies were observed throughout the entire Brillouin zone. Both satisfactory cohesive energy and phonon dispersion imply that those 2D MBene candidates are thermodynamically and dynamically stable. Among these twelve systems, 2D MnB MBene possesses the largest magnetic moments (Table S1 , ESI †), which arouse our interest in exploring its other properties further. Fig. 1 (a) presents the optimized structure of a 2D MnB sheet. Its unit cell with lattice constants a = 2.881 Å and b = 2.932 Å contains two Mn atoms and two B atoms. Unlike common hexagonal 2D materials such as graphene, 29 35 and confirming that the MnB layer is mechanically stable. To further check its thermal stability, we used a relatively large 4 Â 4 supercell to carry out AIMD simulations within the canonical ensemble (NVT) at temperatures of 300, 600, and 1200 K, respectively. Up to 1200 K, no severe geometrical reconstructions are observed after 20 ps ( Fig. S2(a) , ESI †) and the average displacement of Mn atoms is about 0.08 Å, which means that the framework of Mn atoms basically remains unchanged.
To explain the origin of high stability and gain deep insight into the bonding character, we calculated the electron localization function (ELF). The homogeneous electron gas is renormalized to values from 0.0 to 1.0, shown in different colours. By definition, the region with a value of 1.0 indicates perfect electron localization, 0.5 represents a fully delocalized electron, and the region with a value close to 0.0 refers to very low charge density. 22 From Fig. 1(b) , one can clearly see that the ELF for the region around Mn atoms is 0.0, indicating their electron deficiency. At the same time, the B frameworks are fully surrounded by homogeneous electron gas (ELF = 0.5), which is crucial to stabilize the entire 2D sheet via strong B-B bonds. Bader charge analysis shows that each Mn atom donates approximately 0.68 electron to each B atom within the MnB sheet, reflecting the nature of Mn-B ionic bonding. This can be understood by the electronegativities of B (2.04) and Mn (1.55). The electron transfer from Mn to B further contributes to the high stability of the 2D MnB system. As shown in Fig. 1(c) , the deformation electron density (DED) also verifies the above bonding characteristics. The transferred electrons are mostly accumulated around the B sites, in agreement with the ELF analysis. Considering its high stability, it is natural to wonder how the MnB sheet can be synthesized in experiments. There are three feasible pathways to support our hypothetical 2D MnB sheet. Firstly, the Mo 2 C MXene was prepared with the traditional chemical vapour deposition (CVD) method, 36 which is commonly used for growing graphene, MoS 2 , and many other 2D materials. Thus, monolayer transition borides might also be fabricated using CVD growth. Secondly, the ternary layered phase Mn 2 AlB 2 has already been synthesized by arc-melting. 18 The corresponding MnB sheet can be produced by selective chemical etching of the Al metal layer. Such a method has been successfully employed to convert 3D MAX phases Ti 2 AlC, Nb 2 AlC, V 2 AlC, and (Ti 0.5 Nb 0.5 )AlC to 2D MXene phases of Ti 2 C, Nb 2 C, V 2 C, and (Ti 0.5 Nb 0.5 )C, respectively. 19 Thirdly, one can also attempt to mechanically exfoliate MBenes from MAB phases. To further confirm the possibility, we investigated the tensile deformation mechanism of Mn 2 AlB 2 . Both the stress-strain curves and ELF counter plots (Fig. 2) show that when the tensile strain increases from 1% to 30% along the z axis the strengths of the B-Mn bonds remain unchanged, while the Mn-Al bonds are significantly weakened as electrons are localized Fig. S3 (ESI †) show that the MnB sheet is metallic with several partially occupied bands crossing the Fermi level in both spin channels. The metallicity is further confirmed by the result of computations using the HSE06 functional. 38 Moreover, the atom-projected and orbital-projected bands in Fig. 3 demonstrate that the metallicity is derived from Mn-3d orbitals (Mn-d xy , d x 2 Ày 2, d xz ) and B-p orbitals near the Fermi energy. As listed in Table 1 , the total magnetic moment of 6.04 m B per unit cell is mainly contributed by Mn atoms, which is intuitively shown in the spin-density distribution in Fig. 1(d configuration). The atom-and orbital-projected electronic band structure analyses (Fig. 3 ) also confirm the p-d hybridization and the difference in the dispersions in the two spin channels associated with the crystal field splitting. In order to further explore the preferred magnetic interaction, we optimized a 2 Â 2 MnB supercell and considered four possible magnetic configurations (Fig. S4 , ESI †): one ferromagnetic (FM) and three antiferromagnetic (AFM). The exchange energy is defined as E ex = (E AFM À E FM ) per Mn 8 B 8 formula unit, where E AFM and E FM are the energies of the Mn atoms with AFM and FM coupling in the 2 Â 2 MnB sheet. The calculated energy differences between these magnetic configurations are summarized in Table 2 . For the MnB sheet, the FM ground state is more stable than the AFM states by at least 180 meV per Mn 8 B 8 formula unit. As discussed above, the indirect p-d exchange interaction plays an important role in the ferromagnetic coupling of MnB sheets.
One important quantity of ferromagnetism is the Curie temperature (T C ) corresponding to the transition from the ferromagnetic to paramagnetic phase. For practical spintronic View Article Online applications, T C above room temperature is desirable. Here T C is estimated using the 2D Heisenberg model, where the Hamiltonian operator can be written as
where M i is the magnetic moment at site I and J is the exchange coupling parameter ( J 1 , J 2 and J 3 stand for the nearest, secondnearest, and third-nearest site pairs). From the distances between the nearest, second-nearest, and third-nearest Mn atoms of 2.567, 2.881 and 2.932 Å, respectively, the calculated exchange coupling parameters J 1 , J 2 and J 3 are 3.1, 1.4 and À2.3 meV (details are in the ESI, † S4). Within mean field theory (MFT), the estimated T C is in the 258-418 K range. It is known that MFT cannot accurately describe the magnetic percolation effect and tends to overestimate T C . Therefore, we evaluated the T C of the MnB sheet by using Monte Carlo (MC) simulation based on the 2D Ising model of a 100 Â 100 supercell, and the simulation lasted for 1.2 Â 10 5 iterations. The temperaturedependent magnetic moment for the MnB sheet is plotted in Fig. 5 , showing that the magnetic moment falls drastically at T C B 345 K. Compared with the above estimation with MFT, T C is reduced by 17%. Even so, it is still higher than room temperature and those of many previously reported 2D magnetic materials such FeC 2 (245 K), 39 MnO 2 (140 K), 40 Cr@gt-C 3 N 3 (325 K), 41 MnPc (150 K) 42 and Nb 3 Cl 8 (31 K). 43 Moreover, the T C value for MnB is significantly higher than the highest T C value (110 K) achieved experimentally in a Mn-doped GaAs monolayer. 44 The magnetic anisotropy energy (MAE) is an important property for high density storage and quantum spin processing.
In principle, reducing dimensionality and symmetry would increase MAE relative to the corresponding 3D bulk phase. For the MnB sheet, the easy magnetization axis is the z direction (out-of-plane), along which the magnetization energy is lower than those along the x-and y-directions by 25 and 175 meV per Mn atom, respectively. These MAE values are comparable to those of reported 2D material Mn 2 C (25 meV) 32 and bulk Co (65 meV per Co atom), and are one order of magnitude higher than those of bulk Fe (1.4 meV per atom) and Ni (2.7 meV per atom). 45 The sizeable MAEs make the MnB sheet potentially useful for magnetoelectronic applications.
Considering that a bare MnB sheet is chemically active and could be exfoliated and terminated with the -F and -OH groups in experiment, 19 we further exploited the influence of these functional groups on the structural, electronic and magnetic properties of the MnB sheet. As representatives, we considered two functionalized species, i.e., MnBF and MnB(OH). As shown in Fig. S5 (ESI †), three possible configurations are considered for each MnB sheet, where the functional groups are placed at the top sites of B atoms (H 1 ), hollow sites of Mn atoms (H 2 ), and hollow sites of B atoms (H 3 ). We find that both the -OH and -F functional groups are most energetically favorable at the hollow site B atoms (H 3 ) on both sides. This is understandable since the Mn atoms are the electron donor and the functional groups are more likely to bond with Mn atoms than B atoms. Indeed, significant electron transfer (Table 1 ) from the Mn-3d orbitals to the -F and -OH functional groups has been observed in MnBF and MnB(OH) by 0.59 e and 0.60 e, respectively, in addition to the electron transfer from Mn to B by 0.5 e on average, whereas no electron transfer was seen between the B atoms and F-and OH-functional groups. As a consequence, such charge transfer slightly elongated the Mn-B bonds; that is, the average Mn-B bond lengths of the OH-terminated and Fterminated MnB sheets are 2.223 Å, and 2.239 Å, respectively. Our AIMD simulations of MnBF and MnBOH indicate that both of them are thermally stable at 600 K after 20 ps (Fig. S2(b) , ESI †). We further investigated the electronic and magnetic properties of those functionalized MnB. Both MnB derivatives still exhibit metallic behavior, as clearly seen from the spin-polarized electronic band structures in Fig. 6 . More importantly, the magnetic ground state and magnetic moments on the Mn atoms are well retained after functionalization (Table 1) . For MnBF and MnB(OH), the FM state is more stable than the AFM state by 340 meV and 77 meV per 2 Â 2 supercell, respectively ( Table 1 . Fig. 5 shows that the T C is further increased up to 405 K (MC) and 600 K (MC) through F-and OH-functionalization. Note that this value is also comparable to the calculated high T C of a functionalized Mn-based 2D system, i.e., Mn 2 CF 2 (520 K). 46 Owing to its insensitive metallic behavior, robust FM state and high Curie temperature, the MnB sheet is superior to most reported 2D MXene materials. 47 Taking Ti 2 C as an example, the magnetic moment of Ti 2 C is 0.982 m B per atom. However, upon functionalization, the magnetism is quenched, which strongly limits its practical application in spintronics. More excitingly, our results suggest that chemical functionalization is an effective method to tailor T C for 2D magnetic materials. In the present situation, the Curie temperatures of MnBF and MnB(OH) are 60 and 255 K higher than those of the pristine MnB sheet.
Conclusions
In summary, motivated by the recent experimentally obtained 3D MAB phases, we explored the geometrical, electronic, and magnetic properties of their 2D MBene analogues. Taking MnB as an example, exfoliation from a 3D crystal to a 2D layer is feasible, as confirmed by its low fracture strength, and high thermal, dynamic, and mechanical stabilities. The 2D MnB MBene sheet and its functionalized products exhibit metallic ferromagnetic behavior with the Curie temperature above room temperature (345-600 K). The ferromagnetism and metallicity mainly arise from the p-d hybridization mechanism and crystal field splitting. Importantly, the characteristic of the high temperature ferromagnetic metal is insensitive to their chemical Their fruitful applications will be reported in our future study. Our first successful attempt to extend MXenes into boride systems would significantly promote the diversity of 2D materials and encourage scientists to design and synthesize those interesting 2D MBene materials in the future.
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